ABSTRACT Metallic materials can be considered to be in a peculiar position for production of medical devices, because of their attractive properties. In this paper, a new enriched Co-based composition is proposed for dental application, starting from a conventional CoCrMo alloy. Macrostructural and microstructural investigations, mechanical and corrosion resistance evaluation, and metal ions release are carried out. The best composition, among the studied alloys, is identified for dental purpose.
I. INTRODUCTION A. METALLIC BIOMATERIALS
Metallic biomaterials cover a wide range, they are constantly employed as orthopaedic and dental implant material, thanks to their outstanding mechanical properties, as concerns their strength, hardness and toughness, which complement to an adequate corrosion resistance and good biocombatibility [1] - [3] . Developed in an appropriate way, the high strength and resistance to fracture they can offer, provides reliable performance primarily in the fields of orthopedics and dentistry. Different techniques, i.e. casting or forging, can be used for metallic materials manufacturing allowing more design autonomy compared to ceramics and natural or synthetic polymers [4] . The good thermal and electric conductivity deriving from the natural electron movement within the metal crystal system makes metallic alloys preferable for some neuromuscular stimulation tools. In metals, due to their particular structure, plastic deformation occurs easier, inducing good formability in manufacturing. Such properties reinforced by good fracture resistance during service make them preferable for some medical devices production. Usually, metallic biomaterials are exploited thanks to their structural functions, but they do not possess any bio-functionalities, in terms of blood compatibility and bone conductivity. To overcome this inconveniences, one can proceed with specific treatments of the surface by morphological and/or chemical modification or by applying some bio coating on the top of the material [5] - [9] .
Development of the crystalline structures takes place in the course of solidification of the metal. This involves the movement of the metallic atoms to the equilibrium lattice sites defining in this way the structure and indirectly the properties of the metallic materials. Diffusion of the metallic atoms result to be important during solidification, involving the grain growth and their precipitation or recrystallization of the phases, giving to metallic materials peculiar position for many medical devices production. Stainless steel, Cobalt based alloys and Ti and Ti-based alloys are the most important metallic materials employed for medical devices production. For the sake of easy comparison some of the characteristics of these metals and alloys are summarize below.
1) STAINLESS STEEL AS METALLIC BIOMATERIALS
The typically used stainless steel are austenitic stainless steel, i.e. AISI 316L, ASTM F-55 and F-138, which contains 17-20% Cr, 12-15% Ni, 2-3% Mo and small amounts of other elements [10] . The stainless steel compositions proposed for implant use are reported in [11] . The most important condition for orthopedic device materials is the complete absence of ferromagnetism. 316L austenitic stainless steel (ASTM F 138/139) is the most used metal for medical purpose, despite its superior susceptibility to crevice corrosion compared to other common metallic biomaterials.
It has been employed prevalently for fracture repair devices and for making some joint replacement components. The corrosion resistance of stainless steel is considered to be as a function of the formation of a thin Cr, Mo-containing passive surface oxide layer; for this reason, Cr is a key element for the high passivation capacity of the stainless steels. Typically, implants are forged at temperatures starting at 1050 • C and continuing through a series of forging and re-annealing steps until a near-final shape is achieved. Forging at the elevated temperature facilitates shaping because of the microstructural recovery and recrystallization during the high temperature mechanical working. Achieving a fine, uniform grain size is also important. Higher nitrogen content in some stainless steels (ASTM F 1314, ASTM F 1586, ASTM F 2229) results in higher strength, thanks to the improved solid solution strengthening phenomenon, improved crevice and pitting corrosion resistance. ASTM F2229 is a Ni-free, nitrogen strengthened austenitic stainless steel with a higher Mn content. As for the original 316L stainless steel, the corrosion resistance of all these alloys depends on the formation of a passive Cr+Mo oxide layer. While all these austenitic stainless steels are nominally single-phase face centered cubic system alloys, carbides can form within the structure. In the 400-800 • C temperature range, Cr 23 C 6 grain boundary phases can form with associated reduction of Cr from adjacent zones and then the structure became susceptible to intergranular corrosion because of the resulting less stable passive oxide film close to the grain boundary region. The use of vacuum melting during solidification ensures low non-metallic inclusion levels, which usually act as stress concentrators and reduce the mechanical properties, in particular the fatigue strength, of the devise. Additionally, the final shape realization became more difficult [12] . Austenitic stainless steels are also used for fabricating vascular stents as well as electrodes, conducting lead wires and pulse generator housings of cardiac pacing systems (304, 316, 316L alloys) [10] . According to some studies [9] , [13] - [15] there are some drawbacks concerning the use of 316L stainless steel: is still not resistant to localized forms of corrosion when used as implants and it corrodes in the body environment and releases iron, chromium and nickel. Ni, can be toxic to the human body if released: high levels of Ni ions in tissues are the source of genotoxic and mutagenic activities or in contact with the skin develop the most common contact allergy [16] , [17] and cancer [18] , [19] .
2) COBALT BASED ALLOYS AS METALLIC BIOMATERIALS
Co-based alloys have been developed and employed for many years as medical implants. Their good wear, corrosion and heat resistance, as well as non-magnetic features are essentially derived from the crystallographic nature of Co, the solid solution strengthening effect and the corrosion resistance is imparted by Cr and by some alloying elements [20] - [30] .
Co-based alloy implants can be obtained by casting or forging; forging process starts from bar or rod stock achieved by conventional forming of cast billets or by hot isostatic pressing of Co alloy powders. Additionally, innovative processes, like metal injection molding [31] consider the near net-shape formation of parts starting from metal powders. These implants contain 26-30 % Cr, 5-7 % Mo, 1 % Ni (to minimize the Ni release), other residual trace elements (Mn, Fe, Si, N), and C (either low-C ∼0.05 wt% or high-C ∼0.25 wt%). The first commercially employed Co-based alloy was developed from Co-Cr-W and Co-Cr-Mo ternary alloys and firstly has been investigated by Elwood Haynes at the beginning of the 20th century. Co-Cr-Mo casting alloy, known as Vitallium, was developed in the 1930s for dental prosthetics and it is still considered as highly biocompatible alloy and free of Be and Ni. Vitallium 2000 has been proposed to maintain the prominent strength of Vitallium and at the same time presents an enhanced working performance. Another well-recognized and world-wide used alloy for more the 30 years is related to the Wironit, while Heraenium alloys are clinically evaluated, biocompatible and corrosion-resistant Co-Cr metal/ceramic alloy which represents an low-cost option for reliable, high quality dental restorations for crowns and bridges. Such alloys do not contain Be, Cd and Ni and guarantee good processing properties combined to good corrosion resistance [32] , [33] . For removable partial dentures the most employed alloys belong to the Co-Cr system and consist of about 50% Co, 25% Cr, 19% Ni with minor other elements. For the fixed partial dentures the composition usually contains about 53% to 65% Co, about 27% to 32% Cr. Chromium-type casting alloys are lighter than their gold alloy equivalents, and they are particularly employed for the construction of large and bulky maxillary removable devices [8] , [34] , [35] .
For such alloys, Cr is also a key element from corrosion resistance point of view and gives to the alloy intrinsic corrosion resistance, developing a passive chromium oxide (Cr 2 O 3 ) layer. Cr and Mo act as solid solution strengthening elements and can modify the alloys thermal coefficient of expansion. Ni can amplifies the ductile properties of the Cr-Co metallic alloy and can stabilize the faced centred cubic structure which is favoured due to its better tenacity of the Co-matrix. At the same time, Ni is a potent allergen component and can cause higher hypersensitivity reaction compared to other metallic or ceramic materials used in such application. Inflammatory responses, associated to Ni-Cr alloy restoration subside when the alloys is removed and replaced with Ni-free materials [23] , [24] . Investigation on the possibility to add N has been discussed in [12] to control the constituent phases. According to [36] - [38] hot working is usually optimized for microstructure control, producing grain refinement and an improvement of the mechanical properties.
3) TITANIUM BASED ALLOYS AS METALLIC BIOMATERIALS
Titanium and its alloys have been used more and more since the late 1960's for the development of orthopaedic implants, especially for fracture fixation and joint replacement. They reveal good fatigue resistance, excellent in vivo corrosion resistance due to the stable and rapidly forms passive oxide layer (TiO 2 ), lower elastic moduli compared to other metallic biomaterials (100-110 GPa compared to 200-220 GPa), and strong osseointegration tendency. The development of close bone-to-implant apposition after short implantation periods result an important benefit for permanent bone-interfacing implants [12] , [39] - [41] . Pure Ti is body-centered cubic (β-phase) at temperatures above 883 • C and hexagonal closepacked (α-phase) at lower temperatures. The main weakness of Ti and its alloys is their very poor wear resistance. Such a characteristic makes them inappropriate for load-I. Peter, M. Rosso: Study of Ti-Enriched CoCrMo Alloy for Dental Application bearing articulating surfaces without some type of surface modification, which provides superior wear resistance. This can be achieved either through ion implantation (with N+) or TiN film deposition [42] - [47] . Ti alloys are the most interesting metallic material for removable medical devices production, but for permanent medical devices fabrication the use of such alloys is not recommended due to some possible negative toxic effect developed in the human body. For these reasons, the evolution of the metallic material to be used for medical implants production is oriented toward the development of Va and Al free alloys [48] , [49] .
4) ZIRCONIUM, TANTALUM, NIOBIUM BASED ALLOYS AND BIODEGRADABLE ALLOYS AS METALLIC BIOMATERIALS
Zr belongs to the same group as Ti and exhibits similar properties [50] . Recently, Zr-Nb [51] , [52] and Zr-Mo [53] have been developed. Zr shows an allotropic transformation similar to that of Ti. Ta and Nb are non-toxic elements and exhibit very similar physical and chemical properties. Because of their good biocompatibility and high corrosion resistance, these metals have been employed as constituent elements of Ti alloys for biomedical applications. Ta exhibits excellent chemical stability and good biocompatibility similar to that of Ti [54] , [55] : Ta has been employed in dental and orthopedic applications such as radiographic bone markers, vascular clips, and as a material for cranial defect repair and nerve repair since the 1940's [55] , [56] . In particular, porous Ta has been developed for bone in-growth applications, for example hip and knee arthroplasty, spinal surgery, and bone graft substitutes [56] - [59] . The Young's modulus under compressive stress conditions, the Vickers microhardness, tensile and bending strengths under compressive conditions, and the fatigue properties under compressive and bending conditions of commercial porous Ta for implant applications have been evaluated in [60] and [61] . Introduction of Ta in TiNi shape memory alloy leads to a low occurrence of artifacts: the blood compatibility of Ta was assumed to be superior to that of other metals [62] , [63] . To improve the blood compatibility of stents, polymers with good blood compatibility have been used as surface coatings [64] , [65] .
Metallic implants made of biodegradable metals or their alloys, like Mg and its alloys, reveal some new biomedical features: after being implanted, they will gradually degrade, avoiding their elimination associated to an immediate reduction in health risks, costs and damaging [66] . Mg and its biodegradable alloys (AZ91, WE43, AM50, LAE442) appear to be the most promising candidate for the construction of temporary implants, including stents [67] - [73] , since they can degrade naturally in the physiological environment by corrosion and the corrosion products of such implants have been well accepted by human organism: Mg 2+ ions are the fourth most abundant cation in the human body and are stored mainly in bones. They are vital to metabolic processes, a cofactor in many enzymes and a crucial element of the ribosomal machinery that translates the genetic information encoded by mRNA into polypeptide structures [74] . In this general framework, there are an increasing trend to investigate and to develop new alloy compositions and/or innovative processes for different alloy production in order to use them for medical device creation.
The purpose of this paper is to investigate on the characteristics of some enriched Co-based traditional alloys and to recommend them for dental application.
II. MATERIALS AND METHODS
Co-based alloys have been produced by cold crucible levitation melting technique with induction heating system. The basic alloy composition has been enhanced by Ti. The compositions of the experimentally developed alloys have been reported in Table 1 . Commercially employed Wirobond R 280 (Co60.9, Cr25, Mo4.8, W6.2, Ga2.9) has been considered as reference materials. Re-melting of the alloys has been performed (Topcast Tce 10 model) and comparison of the as-cast and the re-melted alloys properties have been realized.
The samples in as-cast state and in the re-melted state have been prepared by traditional metallographic procedures and then have been submitted to morphological and compositional analysis by Optical Microscope (OM, MeF4 Reichart-Jung) and by Scanning Electron Microscopy (SEM, Leo 1450VP) equipped with Energy-Dispersive X-ray Spectrometry (EDS, Oxford microprobe). X-ray technique (X-ray, PANanalytical tool with Cu k α wavelength of 1.5418 Å) has been employed for residual stress measurements. The corrosion behaviour of the as-cast and re-melted alloys has been investigated by static immersion test according to the route specified in the Standard ISO 10271/2011 at 37 • C (± 1 • C).
According to the Standard, immersion of the samples has been realised in acid solution (7.5 ml lactic acid, 5.85 g NaCl, 300 ml H 2 O di grade 2 purity, and 700 ml H 2 O) simulating the oral cavity environment. The samples have been monitored after the permanence in the acid solution for 28 days. As reference solution an acid solution maintained in the same condition without any metallic alloy inside has been used. The sample surfaces, following corrosion test, have been investigated by SEM analysis.
III. RESULTS AND DISCUSSION
As previously reported by the authors [32] , [33] carbides formation has been identified. There is no evidence of continuous grain boundary carbides, which would be undesirable due to its negative effect on the ductility of the alloys. Ti, due to its high affinity to the carbon, reacts easily with the carbon present in the metal matrix and the residual unbound element is dissolved in the solid solution. In the case of the commercial alloy in as-cast state the growth of the dendrites occurs according to a particular direction as revealed Fig. 1a and the structure results more uniform compared to the experimentally produced alloys (Fig. 1b, c) . The alloys with 4% and 6% Ti respectively, show a quite similar structures, however the segregation tendency is more pronounced in the case of the alloy with higher Ti content; in addition, for this sample the dendrites appear bigger with imprecise orientation. The structural behaviors of the alloys are in accordance to those observed by other researchers for similar compositions [75] , [76] .
Re-melting of the alloys has been applied in order to lower the still existing porosity of the material. As expected, after the re-melting, a quasi-zero porosity has been obtained. Moreover, a re-organization of the structure takes place obtaining a more oriented texture. The grain orientation seems to be more accentuated in the case of the reference alloy (Fig.1d) and in the case of the alloy containing a lower percentage of Ti (Fig.1e) compared to the alloy with a higher Ti content (Fig.1f) . In these cases the grain growth starts in the core of the alloy and the development follows different direction. The measurement of residual stress by X-ray diffraction depends on the fundamental interactions between the wave front of the X-ray beam, and the crystal lattice. In measuring residual stress using this technique the strain in the crystal lattice is measured and the associated residual stress is determined from the elastic constant assuming a linear elastic distortion of the appropriate crystal lattice plane. In this paper the most commonly used method for stress determination is the sin2ψ method. The inter-planar spacing, or 2-theta peak position, is measured and plotted as a curves shown in Figure 2 . The stress can then be calculated from such a plot by calculating the gradient of the line and considering the elastic properties of the material. Residual stresses can be defined as the strain which remain in the material in the absence of any external forces [77] . In this paper X-ray techniques and a d sin 2 ψ method (ψ being the tilt angle) has been applied on the (2 2 0) diffraction plane of the metallic alloy for ψ ranging from 0 • to 45 • . Comparison between the commercially available and modified alloys has been performed by evaluating the stresses measured in these materials. The stresses have been measured in each alloy in longitudinal (x) and transverse (y) directions. The angular positions of the diffraction peak were selected for positive ψ tilts of equal intervals from from 0 • to 45 • . The assumption of biaxial method has been made for the direct calculations and using the associated equations the residual stress values of the samples were determined.
The presence of a compressive stress has been identified for all re-melted samples. A linear graph of d vs. sin 2 ψ fitted to diffraction data is reported in Figure 2 , illustrating a comparison between the investigated alloys. Generally, the presence of a compressive residual stresses in metallic alloy increases the resistance to some external excitations and inhibits initiation and propagation of cracks and in particular reduces the stress-corrosion cracking.
During the development and heating treatment of metals, the contraction of the surface and of the interior occurs at different rates: the centre begins to cool while the external regions are already rigid. For these reason, at the surface, compressive stresses have been observed which have to be balanced by tensile stresses deriving from the internal regions leading to a relaxed structure. The highest value of the compressive stress (σ =−850 ±100 MPa) has been revealed in the case of the alloy with 6% of Ti, which is associated to the microstructural features of the alloy. As Ti content decreases, the (amplitude of the) residual stress decreases (to σ = −210 ±100 MPa, in the case of 4% of Ti alloy). The behaviour of the last mentioned alloy, as residual stress concerns, is comparable to the commercial one (σ =−310 ±100 MPa), even if the microstructure does not show a really homogeneous structure. However, in this case the structure is relatively relaxed. As final observation, in practice, the presence of residual stress is usually associated with some hardening of the material because of plasticity.
Lower percentage of Ti leads up also to better workability of the alloy, important aspects in dental laboratory.
The progress of the corrosion damage has been verified by the measurement of the concentration of the hydrogen ions in the solution with and without metallic alloys and by weight loss measurement. Comparison of the results obtained for the as-cast and re-melted alloys has been carried out. After a regular time, the weights of the samples have been measured and the pH values has been monitored. As pointed out in Figure 3 , the alloys do not present any significant weight alteration after 28 days and no release of metal ions was observed.
These results of the SEM observations ( Figure 4 ) indicate that there are no corrosion problems associated to the investigated alloys in the oral cavity environment considered in this research. On the micrographs in Figure 4 it is a clear evidence that the re-melted samples are uniformly exposed to the corrosive environment and there are no indication of any damages as cracks or corrosion pits on the surface of the alloys produced during the test.
IV. CONCLUSIONS
In this paper, an overview of the actual state of metallic alloys used for biomedical application, as well as the study on the properties of Ti-enriched innovative Co-based alloys were presented. The aim of the research was to find, based on their properties, the best composition, within the analysed alloys, for dental application. The alloys were produced by cold crucible levitation melting technique and further their re-melting, in controlled atmosphere, was realized. The VOLUME 3, 2015 alloys were characterized from microstructural, structural and corrosion resistance points of view and a comparison of the as-cast and the re-melted alloys was carried out. Based on the obtained results, 4% of Ti addition favour a more homogeneous microstructure development and has a positive effect on the general behaviour of the alloys. The corrosion resistance of all alloys, in a simulated oral cavity environment satisfies the conditions required by the Standard ISO 10271/2011, and no any release of metal ions was observed. This characteristics can be associated to the fact that no any allergic reaction will occur in the oral cavity of the human being. In addition, according to the residual stress analysis, lower stress content was obtained in the case of the CoCrMoTi4 alloy, supporting also the statements coming from the hardness measurement. A stress free structure and lower hardness is important for the workability of the materials, which have to be submitted to further finishing procedures, as happens in dental field. CoCrMoTi4 alloy fulfil the mechanical and corrosion resistance requirements and can find application in dentistry for fabricating crowns and bridges. To satisfy aesthetic requirements for dental crowns, some repairs can be realize on the metallic surface, for example with silicate-based porcelains.
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